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MEASUREMENTS OF HEAT TRANSFER 
AND BOUNDARY-LAYER TRANSITION ON AN 8 -INCH-DIAMETER 
HEMISPHERE-CYLINDER IN FREE FLIGHT FOR A MACH NUMBER 
RANGE OF 2.00 TO 3.88 
By Ben j amine J. Garland and Leo T. Chauvin 

SUMMARY 


Measurements of aerodynamic beat transfer have been made along the 
hemisphere and cylinder of a hemisphere -cylinder rocket-propelled model 
in free flight up to a Mach number of 3 . 88 . The test Reynolds number 
based on free-stream condition and diameter of model covered a range from 

2.69 x 10 6 to 11.70 - ■ ->■*- •• 

Laminar, trans it¥bhhl , and turbulent heat-transfer coefficients -were 
obtained. The laminar data along the body agreed with laminar theory for 
blunt bodies whereas the turbulent data along the cylinder were consist- 
ently lower than that predicted by the turbulent theory for a flat plate. 
Measurements of heat transfer at the stagnation point were, in general, 
lower than the theory for stagnation-point heat transfer. When the 
Reynolds number to the junction of the hemisphere -cylinder was greater 

than 6 X 10^, the transitional Reynolds number varied from 0.8 x 10^ to 
3-0 x 10^; however, when the Reynolds number to the junction was less 
than 6 X 10^, the transitional Reynolds number varied from J .0 x 10 to 
24.7 X 10 6 . 


INTRODUCTION 


Sharp-nose bodies are desirable for use at supersonic speeds because 
of their known aerodynamic characteristics. However, as the Mach number 
increases, the aerodynamic heating being a function of the Mach number 
becomes increasingly severe. Theory shows that the heat-transfer rate at 
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the nose tip is a function of Mach number and reduces with increasing 
nose-tip diameter. In order ter reduce the heating rates to a tolerable 
level, the tip diameter must be increased; thereby the aerodynamic char- 
acteristics of the sharp tip are compromised. This means of reducing the 
heat-transfer rates will probably be satisfactory for a large number of 
flight" conditions; however, for other cases, new materials and artificial 
cooling methods will be required in addition to blunting. 

As part of a general, program being carried out by the National 
Advisory Co mmi ttee for Aeronautics to investigate the effects of shape on 
the aerodynamic heat transfer and boundary-layer transition, the Langley 
Pilotless Aircraft Research Division (PARD) has conducted tests to eval- 
uate these properties for various blunt-nose shapes, same of which have 
been reported in references 1 and 2. 

The purpose of the present investigation was to investigate the heat 
transfer and location of boundary-layer transition on a hemisphere-cylinder 
at Mach numbers up to 3 . 88 . This was accomplished. by telemetering skin- 
temperature measurements along the hemisphere and cylinder of a two-stage 
rocket-propelled model. Laminar, turbulent, and transitional heat-transfer 
data were measured during the test" for free-stream Reynolds numbers per 

foot up to 18.9 X 10^. The measured heat-transfer data are compared with 
existing heat-transfer theories for stagnation-point heat transfer (ref. 3)> 
with the theory *of Stine and Wanlass for laminar flow along the hemisphere 
(ref. 4), and with the theories of Van Driest for laminar and turbulent 
flow on a flat plate (refs. 5 an3 6). “ * 

The flight test was conducted at" the Langley Pilotless Aircraft 
Research Station at Wallops Island, Va. 


SYMBOLS 


b length from stagnation point to hemisphere -cylinder junction, 

jtD/4, in. 

c^ local skin-friction coefficient 

Cp specific heat of air, Btu/slug-°F 

Cp^ w specific heat. _ of wall material, Btu/lb-°F 

D diameter of model. In. 

h aerodynamic heat -transfer coefficient, Btu/(sec) (sq. ft)(°F) 

2 distance from stagnation point along surface at model, in. 
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thermal conductivity of air, Btu/(sec) (sq. ft)(°F/ft) 
Mach number 

Nusselt number, h.(l/U2.)/)s. 

Stanton number, h/cppV 


Prandtl number, Cpp/k 

pressure, lb/sq. ft 
Reynolds number , p V ( 7, / 12 ) /p 


Reynolds number at transition point, based on free-stream 
conditions 

Reynolds number based on laminar -boundary-layer momentum 
thickness 

recovery factor 


temperature, °R unless otherwise indicated 
time, sec 
velocity, ft/sec 
velocity of sound, ft/sec 

distance from stagnation point along axis of model, in. 
velocity gradient at stagnation point 

angle between stations on hemisphere and stagnation point, deg 

viscosity of air, slugs/ft-sec 

density of air, slugs/cu ft 

specific weight of wall material, Ib/cu ft 


wall thickness, ft 
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Subscripts : 

aw adiabatic wall 

t isentropic stagnation 

l just outside boundary layer 

w wall (skin) material 

® undisturbed free stream 


MODEL, INSTRUMENTATION, AND TEST 
Model 

The general model arrangement and pertinent dimensions of the test 
vehicle are shown in the sketch of figure-1 and in the photograph of fig- 
ure 2. The body was an 8-inch-diameter hemisphere -cylinder of fineness 
ratio 17.25 stabilized by three tapered trapezoidal magnesium fins 
equally spaced. Details of the fins are given in figure 1. 

The test vehicle was all metal in construction with spun Inconel 
being utilized for the nose section, which comprised 20.5 percent of the 
body length. The rear section was formed from magnesium -alloy skin and a 
cast-magnesium-alloy tail section to which the fins were welded. Skin 
thicknesses for each measurement station are shown in table I. All the 
surfaces were polished and the surface roughness as measured by a 
Physicists' Research Co. Profilometer was 25 microinches and 60 micro- 
inches root mean square for the Inconel and magnesium skin, respectively. 

The model was boosted by an M5 JATO rocket motor and the sustainer 
motor was an ABL Deacon rocket motor. A photograph of the model and 
booster on the launcher is shown in figure 5- 


Instrumentation 

The model was equipped with four channels of telemetering, two of 
which transmitted wall temperatures and the other two, longitudinal 
acceleration to a ground receiving station. The temperature channel was 
commutated about every 0.2 second to transmit temperature measurements 
at the locations shown In table I. Thermocouples 1 to 12 were installed 
In the Inconel nose section by fusing the thermocouple wire to the inner 
surface of the skin. Because the rear section of the model was magnesium. 
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the thermocouple wire could not he fused to the Inner skin. Hie instal- 
lation was accomplished by placing the bead (the fused junction of the 
thermocouple wires) into a countersunk hole equal in depth to the skin 
thickness, filling the hole with molten magnesium, and refinishing the 
surface to a prescribed finish. The accuracy of the temperatures 
recorded was within ±15° F. This value is based on a maximum probable 
error of ±2 percent of the calibrated full-scale range, which is the 
usual accuracy of the PARD flight-model instrumentation. A more com- 
plete discussion of the general methods of the temperature telemetering 
techniques employed is presented in reference 7 . 

In addition to the instrumentation carried internally, the model was 
tracked by a CW Doppler radar set and an NACA modified SCR 584 radar set. 
The former provides the velocity of the model and the latter provides 
trajectory data. Atmospheric and wind conditions are determined by means 
of radiosondes launched near the time of flight and tracked by a Rawin 
set AN/GMD-1A. The model exceeded the range of the CW Doppler radar set, 
and the velocity data were extended by integration of the telemetered 
acceleration . 


Test 

The model was launched from an elevation angle of 75° ■ The booster 
accelerated the model to a Mach number of 3.05 where it separated from 
the model shortly after burnout. The model coasted upwards for a pre- 
determined time until the sustainer rocket motor ignited and accelerated 
the model to a Mach number of 5.88. This method of flight programming 
provided large change of Reynolds number for a given Mach number. For 
example, at the end of the first-stage burnout (M = 3 . 05 ) , the free- 

stream Reynolds number per foot is about 19 X 10^; whereas, for the same 
Mach number dbring the second-stage firing and coasting, the Reynolds 

numbers are approximately 9 X 10^ and 7 X 10^, respectively. These and 
other test conditions will be discussed in greater detail subsequently. 


DATA REDUCTION 


From the flight test of the model, the following basic information 
was obtained as a function of time : 

(1) Wall -temperature measurements given in figure 4 for thermo- 

couples 1 to 23 , the locations of which are listed in table I 

( 2 ) Air properties (density, speed of sound, static temperature, 

and pressure) at any given time (fig. 5) 
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(3) Free-stream Mach number and Reynolds number per foot (fig. 6) 


From these measurements , heat-transfer Information was reduced to Stanton 
number where 




(v v )j 


C P>wPw T w at 
■^aw - ^w 


Local conditions were obtained from pressure distribution for a 
hemisphere -cylinder given in references 8 to 10 and from supersonic 
flow relations for normal shocks . 

The adiabatic -wall temperature T aw was obtained from the defi- 
nition of recovery factor where 


^r 



This relation leads to 


■^■aw -^7 + 




The data along the hemisphere were reduced by using a recovery 
factor equal to for turbulent flow and (Npj.) 1 / 2 for laminar 

flow where the Prandtl number was based on measured wall temperature. 

For the stagnation point, a recovery factor equal to 1 was used. The 
thermodynamic properties of air (p, Npj., and so forth) used in the com- 
putation were obtained from reference 11. 


Properties of the material used in the construction of the model 
were obtained from reference 12 for the Inconel nose-section and from 
reference 13 for the magnesium rear section. Skin thicknesses for the 
various thermocouple locations are given in table I. 


Radiation and conduction along the body were evaluated for the times 
at which data were obtained and were found to be less than 2 percent of 
the heat due to convection for the worst condition (low values of heat 
flux Taw - Tw) • - - ~ 
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RESULTS AND DISCUSSION 


Local heat-transfer coefficients expressed in the form of Stanton 
number were reduced from the wall -temperature time histories as described 
in the section entitled "Data Reduction." Stanton numbers were obtained 
for various times during the flight as indicated by ticks in figure 6 on 
the Mach number time history. As can be seen in figure 6 , Stanton num- 
bers were obtained for several Reynolds number conditions at each Mach 
number. 

Heat-transfer results are presented In figure J for all stations 
along the model in the form of Stanton number h/cppV against the 

dimensionless length l /b for various Mach number and Reynolds number 
conditions. All Stanton numbers shown are based on local conditions. 

The transition point was located by using the variation of the 
Stanton number along the model in conjunction with the measured wall 
temperature. Figure 8 shows a typical variation of the wall temperature 
along the model for a specific time and Mach number. 

Data for some of the Mach number and Reynolds number conditions were 
not presented because of low rates of change of the wall temperature with 
time (dl^/dt) or low forcing functions (T aw - T^) . Both of these condi- 
tions could cause large errors in the Stanton number. 

Data obtained at the stagnation point will be discussed and corre- 
lated with existing theories later In this section. 


Heat Transfer Along the Model 

Figure 7(a) shows the data taken at M = 2.00 at 2.75 and 
27.25 seconds at which times the free-stream Reynolds numbers per foot 

were 15-50 X 10^ and 4.10 x 10 ^, respectively. The data obtained at a 

Reynolds number per foot of 15-50 X 10^ (2.75 seconds) appear to be lami- 
nar up to l/b = O. 167 . The data taken at the following station 
(l / b = 0.555) show a considerable rise in Stanton number. This rise sug- 
gests transition from laminar to turbulent flow and occurs between a Rey- 
nolds number of I .18 x 10^ and 2 . 56 X 10^, based on free-stream conditions 
and length from the stagnation point to the corresponding stations . The 
heating condition Ty/T % is approximately O .65 for this region of transi- 
tion. Stanton numbers at stations rearward of l/b = O .555 along the 
model show a gradual decrease, as might be expected for turbulent heat 

transfer. At a reduced Reynolds number per foot equal to 4.10 x 10^ 

( 27.25 seconds), the data appear to decrease rapidly as l/b increases; 
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this condition Indicates laminar flow. However, at l /b = 4.82, a joint 
in the fuselage (designated herein as "nose joint") existed which appar- 
ently trips the boundary layer since all measurements rearward of this 
point are of turbulent magnitude. The calculated estimates for laminar 
flow are from the theories of Stine and Wanlass (ref. 4) and Van Driest 
(ref. 5). Both theories are in fair agreement with the data. For tur- 
bulent flow, the value of Ng-t calculated by using the Van Driest theory 


(ref. 6 ) for this condition ( 27-25 seconds) is about 20 percent higher 
than the data. It is interesting to note, however, that, if the theory 
were not modified as suggested in reference 14 and the straight Reynolds 


analogy 


(%t ■ | <*) 


were used, the theory would then be in better agree- 


ment with the data. This point is true for all other Mach numbers. The 
flat-plate theories of- Van Driest are valid only for the cylinder and do 
not consider the pressure gradient along the surface of the hemisphere. 

The theories in all cases are based on length from the stagnation point 
and on local flow conditions for the times indicated in the figure. Simi- 
lar agreement with turbulent theory was obtained for flight conditions at 
2.75 seconds but was not shown in figure 7 (a). 


For a Mach number of 2.50 (fig. 7(h)), the Stanton numbers are pre- 
sented for Reynolds numbers per foot equal to l6.60 x 10^, 13.00 X 10^, 

and 7*55 X 10 ° corresponding to flight times of 3 * 20 , 5.k5, and 16.70 sec- 
onds, respectively. For a free-stream Reynolds number per foot- of 

l6.60 x 10^, transition, occurs again between z/b = O .167 and 
z/b = O .333 for a value of R^ T between 1.44 x 10^ and 2.90 x 10^. 

The heating condition was approximately 0.60. For a slightly reduced 
Reynolds number per foot equal to 13.00 X 10^, transition occurs back 
on the cylinder between stations Z/b = 3*23 and Z/b = 3*86. This 

Reynolds number of transition is between 21.80 x 10° and 26.20 X 10°, 
which is a large increase in R^ qi from the previous case at this Mach 

number. The heating condition was approximately 1 . 3 . For the third 

condition where the Reynolds number per foot is equal to 7-55 X 10^, 
laminar flow existed up to the nose joint at Z/b = 4.82. This nose joint 
appears to have again tripped the boundary layer. The laminar theories are 
in good agreement whereas the turbulent theory is again higher than the 
data as for the M = 2.00 case. The theories are presented for the flight 
conditions at I 6 . 7 O seconds and it was assumed that the turbulent boundary 
layer was in existence from the stagnation point. 


Data are presented for four flight times along the trajectory when 
M = 2.80 occurs. (See fig. 7( c )«) These times correspond to 3.45* 4.62, 
17 . 05 , and 21.45 seconds for which the free-stream Reynolds numbers per 

foot are I 7 . 8 O x 10^, 17.0 x 10^, 8.30 X 10^, and 6.90 X 10^, respectively. 
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For t = 3.45 seconds or for the free-stream Reynolds number per foot 
equal to 17.80 x 10 ^, transition occurs again between z/ b = O .167 and 
z/b = O .333 for a value of R^^ between I .55 X 10^ and 3 . 10 x 10^. For 

about the same Reynolds number per foot ( 17 .OO X 10^) at t = 4.62 seconds, 
transition started at if b = 0.333 which corresponds to R^, ip = 3*0 X 10^. 

It is interesting to note that the heating condition for both conditions 
was approximately 1.0. For the two lower Reynolds number conditions, lami- 
nar heat transfer prevailed up to the nose joint at if b = 4.82, and the 
data are in agreement with the laminar theories . Turbulent heat-transfer 
data are again lower than theory. 

For a Mach number of 3-05 and for the low free-stream Reynolds num- 
bers per foot equal to 8.84 x 10 ^ and 7-83 X 10^ obtained at 17-30 and 
20.40 seconds, respectively, laminar flow existed up to the nose joint. 
However, for t = 3-80 seconds (Reynolds number per foot equal to 
18.90 x 10 ^) } transition occurred closer to the stagnation point between 
stations z/b = O.O 83 and Z/b = O .167 or for Rco T = 0.824 X K >8 for 

the station z/b = O.O 83 . The theory for laminar flow showed good agree- 
ment with the measurements whereas the turbulent heat-transfer data were 
in similar agreement with turbulent theory as for the preceding Mach 
number cases . 

Data are presented at a Mach number of 3-40 for Reynolds numbers per 

foot equal to 9-80 X 10 8 and 9 . 10 X 108 -which correspond to flight times 
of I 7 . 7 O and 19-45 seconds. (See fig. 7 (e).) Here again the data appear 
to be laminar up to the nose joint when the Reynolds number per foot is 

9.80 x 108 ; whereas, for the other conditions at t = 19-45 seconds when 
the Reynolds number per foot is 9-10 X 108 , transition appears between 
z/b = 1.48 and Z/b = 1.96 which gives R m ^t = 7-05 X 108 for 

Z/b = 1.48. However, the data do not reach full turbulent level until 
Z/b = 3 . 86 . The agreement with theory is again as good as for the pre- 
vious Mach numbers. 

In figure 7(f) is shown the data taken at M = 3-60 for Reynolds 
numbers per foot equal to 10.40 x 108 and 9-60 X 108 which occur at 
times 17-90 and 19-00 seconds, respectively. For a Reynolds number per 
foot of 10.40 X 108 } the data appeared to be laminar to z/b = I .96 
(RoOjT = 10 *7 x 108 however, some rise above the laminar theory is noted 

and this rise might suggest that transition had started. This region of 
transition occurs for a constant T w /Tz of approximately 0.95- For the 
other test condition ( 19 .OO seconds), the transition region begins close 
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to the hemisphere -cylinder junction z/b = 1.48 ^Roo ? T = 7*^5 X 10 ^J and 
extends to z/b = 3^86. This rise occurs for a T^Tj = 1.10 at 
Z/b = 1.48 to T^/T i = O .95 at Z/b = 3.86. The laminar theory (ref. 4) 
■is in agreement with the data whereas the turbulent theory is higher 
than the measurements. 

Only one test condition appears for a Mach number 3-88 (fig. 7(g ) )> 
this being the highest Mach number of the test. The Reynolds number per 

foot is 10.80 x 10^. Figure 7(g) again shows the agreement with the 
laminar theory and transition is shown by the rise in the Stanton number 

at Z/b = 1.48 which occurs for T w /T j =0.95 and R«,^t = 8.22 X 10^. 

The agreement with the turbulent theory is again considerably lower. 

From preceding test-conditions, it appears that laminar theory gives 
a good prediction for the heat-transfer coefficient whereas the turbulent 
theory overestimates the heat-transfer coefficient. This discrepancy in 
the turbulent theory has also been noticed in other heat-transfer investi- 
gations for blunt-nosed bodies . (See ref. 1.) 


Stagnation-Point Heat Transfer 

In figure 9 is presented the measured stagnation-point heat transfer 
Niw 

expressed as - as a function of Mach number, where the air prop- 

/ppD 2 /^ 

erties in the heat-transfer parameter are based on the stagnation-point 
conditions and the Nusselt number is based on the diameter of the cylinder. 
Values of <3 are given as functions of Mach number by Korobkin (ref. 15 ). 
The data are compared with the theory of Sibulkin (ref. 3)- The data 
appear to scatter about the theory and are in fair agreement. However, 
some of the data points fall considerably below the theoretical predic- 
tions . Similar results from flight test and the theory of reference 16 
have suggested lower heat-transfer coefficients than those of reference 3 - 


Boundary-Layer Transition 

Transition was pointed out in the discussion of heat-transfer meas- 
urements. At attempt to correlate the Reynolds number of transition for 
the hemispherical section was made by taking the various locations on 
the body for which the heat-transfer coefficient shows a sudden increase 
and expressing this rise at - the start of transition. 

The Reynolds numbers of transition were plotted as functions of the 
free -stream Reynolds number based on the surface length from the 

vummm. - 
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stagnation point to the junction of the hemisphere -cylinder (l/b = l) 
in figure 10. The solid symbols signify that transition occurred on the 
hemisphere. The figure indicates that,, if the Reynolds number to the 

junction is greater than approximately 6 x 10 ^, transition appeared in 
the subsonic flow region and the Reynolds number of transition is low 

(o .8 x 10^ to 5.0 x 10^; however, when the Reynolds number is less than 
6 X 10^, transition occurred in the supersonic flow region and the Rey- 
nolds number of transition may vary from J .0 X 10& to 24 . J X lO^. The 
transition points on the hemisphere were in accord with the transition 
Reynolds number experienced on a 4-inch-diameter hemisphere tested in a 
free jet (ref. 2 ) and with other flight tests of a hemisphere-cone model 
partly reported in reference 1. For convenience in comparing transition 
with other tests, the Reynolds number of transition based on computed 
momentum thickness Rq is given in figure 10 for points of transition 

on the hemisphere and one value is given for transition at the nose 
joint (l/~b = 4.82). The values of Rg were computed by the method of 
reference 17 . 


SUMMARY OF RESULTS 


Measurements of aerodynamic heat transfer have been made at 23 sta- 
tions along the body of a hemisphere -cylinder rocket-propelled model up 
to a Mach number of 3 . 88 . Data are presented for a range of free-stream 

Reynolds number, based on the diameter of the model, between 2.69 X 10^ 

and II .70 x 10 6 . Laminar, transitional, and turbulent heat-transfer 
coefficients were measured and the following results noted: 

1. The laminar data agreed with theory for a hemisphere-cylinder 
body. The turbulent data, on the cylinder, were consistently lower than 
predicted by the turbulent heat-transfer theory for a flat plate. 

2. Measurements made at the stagnation point were lower than pre- 
dicted by theory but are consistent with other similar investigations. 
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3- Whert "the Reynolds number to the junction of the hemisphere- 
cylinder was greater than approximately 6 x 10 ^, the transitional 
Reynolds number varied from 0.8 x 10& to 3.0 x 10^; however, when the 

Reynolds number to the junction was less than 6 x 10^, the transition 

Reynolds number varied from 7*0 X 10^ to 24.7 X 10^. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., March 29 > 1957* 
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Thermocouple 

0 ) deg 

x, in. 

l , in. 

if b 

Skin 

thickness, 

in. 

1,2 

0 

0 

0 

0 

0.040 

3 

7-5 

.04 

.524 

.083 

.040 

4 

15 

.15 

1.05 

.167 

.042 

5 

30 

• 54 

2.09 

• 333 

.042 

6 

6o 

2.00 

4.19 

.666 

.032 

7 

90 

4.00 

6.28 

1.000 

.025 

8 

90 

7-00 

9.28 

1.48 

.034 

9 

90 

10.00 

12.28 

1.96 

.034 

10 

90 

14.00 

16.28 

2.59 

.034 

11 

90 

18.00 

20.28 

3.23 

.034 

12 

90 

22.00 

24.28 

3.86 

.034 

13 

90 

37-25 

39-53 

6.30 

.092 

lb 

90 

44.25 

46.53 

7.25 

.092 

15 

90 

51.25 

53-53 

8.54 

.092 

16 

90 

58.25 

60.53 

9.65 

.092 

17 

90 

65.25 

67.53 

IO.78 

.092 

18 

90 

72.25 

74.53 

11.89 

.092 

19 

90 

82.25 

84.53 

13.64 

.092 

20 

90 

91.25 

93.53 

14.80 

.092 

21 

90 

100.25 

102.53 

16.32 

.092 

22 

90 

109.25 

111.53 

17.75 

.092 

23 

90 

118.25 

120.53 

19.18 

.092 
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Figure 2.- Photograph of model. 
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Figure 5*- Free-stream flight conditions. 
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Figure J.~ Stanton numbers along the model for a given and for 
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Figure 7.- Continued. 
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Figure 9.- Variation of stagnation-point heat-transfer parameter with Mach number. 
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Figure 10.- Reynolds number of transition as a function of the Reynolds number to the Junction 

of the hemisphere-cylinder . 
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